The functional significance of naturally occurring variants of human hepatitis B virus (HBV) remains largely unknown. Previously, we reported an immature secretion phenotype caused by a highly frequent mutation at amino acid 97 of the HBV core (capsid) protein (HBcAg). This phenotype is characterized by a nonselective and excessive secretion of virions containing an immature genome of single-stranded viral DNA. To extend our study of virion secretion to other naturally occurring variants, we have characterized mutations at HBcAg codons 5, 38, and 60 via site-directed mutagenesis. Although the phenotype of the mutation at codon 38 is nearly identical to that for the wild-type virus, our study reveals that a single mutation at codon 5 or 60 exhibits a new extracellular phenotype with significantly reduced virion secretion yet maintains normal intracellular viral DNA replication. A complementation study indicates that the mutant core protein alone is sufficient for the "lowsecretion" phenotype. Furthermore, the low-secretion phenotype of the codon 5 mutant appears to be induced by the loss of a parental proline residue, rather than by the gain of a new amino acid. Our study underscores the core protein as another crucial determinant in virion secretion, in addition to the known envelope proteins. Our present results suggest that a very precise structure of both ␣-helical and nonhelical loop regions of the entire HBcAg molecule is important for virion secretion. The low-secretion variants may contribute to the phenomenon of gradually decreasing viremia in chronic carriers during the late phase of persistent infection.
Hepatitis B virus (HBV) is an important human infectious agent. Worldwide, at least 300 million individuals are chronic HBV carriers. Chronic infection with HBV leads to the development of cirrhosis and liver cancer (31, 32) . Naturally occurring variants have been found frequently in chronic HBV carriers. The potential role of these variants in chronicity and pathogenesis remains unclear, since no universal assay is available to evaluate these diverse HBV variants. For example, naturally occurring variants of HBV core antigen (HBcAg) have been frequently reported. This 183-amino-acid protein has multiple functions, including interaction with the pregenomic RNA and polymerase during encapsidation, polymerization with itself to form the nucleocapsid, import of relaxed circular DNA to the nucleus, and targeting to the endoplasmic reticulum for envelope formation (3, 7, 16, 25, 26, 37) . In addition, HBcAg is structurally related to the secreted e antigen (27) , and thus certain mutations in HBcAg should also be present in the e antigen. Because of the highly versatile nature of the HBV core protein, it is difficult to predict which functional assays should be used for the study of HBcAg variants in order to yield more informative results. Therefore, the biological significance of these mutations remains unclear.
Previously, we described several missense mutations in HBcAg which coincide with major histocompatibility complex class II-restricted T-cell epitopes (18) . One of these mutations occurs at HBcAg position 38, changing a tyrosine (Y) to a histidine (H). The tyrosine residue at position 38 is highly evolutionarily conserved, present even in woodchuck and ground squirrel hepatitis B viruses. Another mutation occurs at HBcAg position 60, changing a hydrophobic leucine (L) to a hydrophobic valine (V). It is interesting that this L60V mutation is adjacent to a cysteine residue at HBcAg position 61 which is involved in the intermolecular disulfide bonding during the dimerization of HBcAg (24, 45) . A close examination of the existing literature revealed that mutations Y38H and L60V often occur together on the same HBV sequence (1, FIG. 1 . The distribution of the replicative intermediates of the intracellular HBV DNA shows no major difference between WT HBV (WT) and the core mutants Y38H, L60V, and Y38H/L60V. Ten micrograms of each plasmid DNA was transfected into Huh7 human hepatoma cells. Intracellular core particles were harvested 7 days posttransfection, and the core particle-associated HBV DNA was analyzed by a Southern blot with a 3.1-kb vector-free HBV DNA probe. Full-length relaxed-circle form (RC) DNA at the 4.0-kb position and single-stranded (SS) DNA at the 1.5-kb position are indicated by arrows. 14, 15, 18, 28, 29, 36) . Finally, a very frequent mutation of HBcAg occurs at codon 5, changing a conserved proline (P) to a threonine (T) (1, 2, 6, 11, 13, 14, 18, 22, 33, 38) . While the most common mutation found at HBcAg codon 5 is from P to T, other less frequent changes have also been reported, such as proline to serine (S).
Recently, we reported an "immature secretion" phenotype of HBV virions caused by a highly frequent mutation at HBcAg codon 97 (42, 43) . Unlike wild-type (WT) HBV (34) , this phenotype of mutant 97 is featured by a nonselective and excessive secretion of virions containing immature genomes with single-stranded DNA. Here, we extend our FIG. 2 . Analysis of the extracellular virion particles by gradient centrifugation reveals the low-secretion phenotype of mutants L60V and Y38H/L60V. Media were collected on days 5 and 7 posttransfection. After centrifugation through a 20% sucrose cushion, the resuspended pellets of HBV particles were separated by isopycnic gradient centrifugation through 20 to 50% (wt/vol) cesium chloride. (a) Viral particles, including naked core particles and virions, were separated according to their buoyant densities (OE), followed by enzyme immunoassay for HBsAg (s) performed on every other fraction after dialysis. The secreted HBsAg, which formed DNA-free subviral particles, was usually several logs more abundant than the DNA-containing virions. (b) Collected fractions corresponding to the naked core particles (pooled from fractions 2 and 4; d ϭ 1.35 g/ml) and to virion particles (pooled from fractions 10, 12, 14, and 16; d ϭ 1.23 g/ml) were dialyzed against TNE buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA [pH 7.4]) before DNA extraction and analyzed further by Southern blotting with a 3.1-kb HBV DNA probe. C, pooled naked core particle fractions (see the text); D, pooled Dane particle (virion) fractions. RC, relaxedcircle form DNA; SS, single-stranded DNA. study of HBV virion secretion to six additional core protein variants (Y38H, L60V, double mutant Y38H/L60V, P5T, P5S, and P5A). Surprisingly, we observed that five out of these six different variants display a new extracellular phenotype with significantly reduced levels of secreted virions containing only the mature genome. These "low-secretion" core variants could contribute to the gradually decreasing viremia observed during persistent infection in chronic HBV carriers (4, 9, 10) .
MATERIALS AND METHODS
Preparation of HBV intracellular core particles and viral DNA as well as gradient centrifugation analysis of virion secretions were done as detailed elsewhere (41).
Plasmid constructs. (i) Y38H, L60V, Y38H/L60V.
A wild-type HBV monomer of the adr subtype (40) was used as the template to introduce the mutations in a site-specific mutagenesis reaction (Altered Sites II In Vitro Mutagenesis Systems; Promega, Madison, Wis.) as described previously (43) . The sequences of oligonucleotides used to create HBcAg mutations at positions 38 (Y to H) and 60 (L to V) are 5ЈCCTCTGCTCTGCATCGGGAGGCC3Ј and 5ЈGGCAAGC TATTGTGTGTTGGGGT3Ј, respectively (mutation sites are underlined). HBV mutant Y38H was used to obtain the double mutant Y38H/L60V. HBV monomers were then dimerized in tandem to mimic the circular configuration of HBV. All the mutations were confirmed by DNA sequencing.
(ii) P5T, P5A, and P5S. Three mutants of subtype ayw origin, P5T, P5S, and P5A, were created by the Kunkel method of mutagenesis using oligonucleotides 5ЈGACATCGACACTTATAAAGAA3Ј, 5ЈGACATCGACTCTTATAAAGAA 3Ј, and 5ЈGACATCGACGCTTATAAAGAA3Ј, respectively (18) .
(iii) SVC L60V. The core gene of the L60V HBV mutant was obtained by PCR amplification and subcloned into the expression vector using an SV40 early enhancer and promoter (42) . The protein product of HBcAg L60V was confirmed by immunoblot analysis using a rabbit anti-HBcAg polyclonal antibody (21; data not shown).
Double-stranded DNA probe. The full-length 3.1-kb vector-free HBV DNA fragments (adr and ayw) were purified from pALTER-HBV adr by BamHI digestion and from pWT ayw by EcoRI digestion. Approximately 25 ng of DNA was radiolabeled using a random-primed DNA labeling kit (Roche Co., Indianapolis, Ind.).
Immunoblot analysis of the core protein and enzyme immunoassay for HBeAg and HBsAg. Core protein expression was detected by Western blot analysis using a rabbit anticore antibody (21) . Detection of HBsAg and HBeAg was performed using the Abbott HBsAg kit and HBe (rDNA) kit, respectively (42) .
Quantitative measurement of HBV DNA replication intermediates. Quantitative comparisons of overall replication and the viral secretion levels by Southern blot analysis were performed with the ONE-Dscan computer program (Scanalytics Co., Billerica, Mass.) using images from X-ray film as described elsewhere (42) .
RESULTS
No major difference in the levels of intracellular replication between variants Y38H, L60V, and Y38H/L60V and the WT HBV. To investigate the functional significance of the naturally occurring mutations at codons 38 and 60 of the core protein, we introduced a tyrosine-to-histidine mutation at position 38 (mutant Y38H) and a leucine-to-valine mutation at position 60 (mutant L60V). These mutants and the double mutant Y38H/L60V were assayed for their levels of intracellular replication in comparison with that of the parental WT HBV. As shown in Fig. 1 , the levels of the replicative intermediates of these mutants are comparable to that of the WT HBV. A small, yet reproducible, increase in the level of the replicative intermediates of mutant Y38H was observed (approximately 1.5-fold over that of the WT, based on the average of 10 independent experiments). FIG. 3 . Similar steady-state levels of HBV core proteins were observed between wild-type and mutant viruses. Briefly, cell lysates harvested 3 days posttransfection were analyzed by Western blotting using a rabbit anticore antibody (21) . The same filter was also probed with a monoclonal antibody to the HBVspecific pre-S1 protein as an internal control for equal loading and transfection efficiency (17; data not shown).
FIG. 4. Mutant L60V core protein alone is sufficient to induce a low-secretion phenotype. WT and mutant core proteins expressed from plasmids SVC WT adr and SVC L60V, respectively, were supplied in trans to a core-defective and replication-defective HBV mutant, 1903 (42) . Their respective complementation effects on intracellular HBV DNA replication (a) and virion secretion (b) were compared. (c) Furthermore, WT core protein can rescue the low-secretion phenotype of mutant L60V via cotransfection. The analysis of extracellular virion particles was performed by gradient centrifugation as described in the legend for Fig. 2 . RC, relaxed-circle form DNA; SS, single-stranded DNA.
Significant reduction of the amount of secreted virions of HBcAg variant L60V. We examined further the secretion profile of these mutant and WT virions by gradient centrifugation and Southern blot procedures. As shown in Fig. 2a , similar levels of HBsAg subviral particles peak at similar positions for both the WT and mutants L60V, Y38H, and Y38/L60V. When viral DNA of the gradient fractions was subsequently analyzed by Southern blotting (Fig. 2b) , mutant L60V secreted a significantly reduced amount of virion DNA relative to WT HBV and the Y38H mutant (about a three-to sixfold reduction, based on five independent experiments) in fractions 10 to 16, which correspond to the known density of infectious Dane particles (around 1.24 g/cm 3 ). The nonenveloped core particles (1.35 g/cm 3 ) of hepadnaviruses released into the medium have been observed previously in different tissue culture systems (8, 30, 35, 37) ; however, they have never been found in vivo. The remote possibility that naked core particles are released due to a small fraction of cell lysis in tissue culture cannot be excluded. Although these naked core particles are not directly relevant to our current study of virion secretion, they are included here as a control to demonstrate the low signals from virions of variant L60V (Fig. 2b) .
The low-secretion phenotype of mutation L60V is dominant over the normal-secretion phenotype of mutation Y38H. Previously, we demonstrated that a frequent HBcAg mutation, P130T, is compensatory or dominant to the immature secretion phenotype of another frequent mutation, I97L (44) . Because of the association between mutations Y38H and L60V, we further investigated the relationship between these two mutations. When the double mutant Y38H/L60V was characterized, the low-secretion phenotype of mutation L60V was clearly dominant over the normal-secretion phenotype of mutation Y38H (Fig. 2b) .
No significant difference in the steady-state levels of mutant L60V and WT core proteins. Immunoblot analysis was performed to check the intracellular core protein expression of mutants Y38H, L60V, and Y38H/L60V. As shown in Fig.  3 , no major difference was observed. A slight but reproducible increase of the core protein signal was observed for the mutant Y38H, which is consistent with its small increase in replication activity (Fig. 1) . These data represent findings from four independent experiments.
The low-secretion phenotype is caused solely by the L60V core protein. To test the potential trans effect of the mutant L60V core protein, a complementation assay was performed with a core-deficient (and hence replication-defective) mutant HBV, called 1903, and an expression vector producing the L60V core protein (SVC L60V). A WT core protein (subtype adr) cloned in the same expression vector was used as a positive control (SVC WT). As shown in Fig. 4a , the intracellular replication of the core-defective mutant 1903 can be restored efficiently by trans complementation with either the WT or mutant L60V core protein. However, when the virion secretion was analyzed by gradient centrifugation (Fig. 4b) , we observed that complementation with the mutant L60V core protein alone can reproduce the low-secretion phenotype. In a separate reciprocal experiment (Fig.  4c) , we provided the WT core protein to mutant L60V and observed the successful rescue of the low-secretion phenotype of mutant L60V. Taken together, these experiments indicate that the mutant L60V core protein alone is necessary and sufficient for the low-secretion phenotype. No major differences in the level of intracellular replication are seen between mutants P5T, P5S, and P5A and WT HBV. In addition to mutants 38 and 60 ( Fig. 1 and 2) , a highly frequent naturally occurring mutation at codon 5 (P5T) was also included in this study (14, 18, 22) . In addition to P5T, several other codon 5 mutants (P5S and P5A) were constructed and characterized in parallel. As shown in Fig.  5a , no significant difference in the level of intracellular DNA replication was observed between the codon 5 mutants and WT HBV. As a control, we also show here that there is no significant difference in the steady-state levels of codon 5 mutants and WT core proteins (Fig. 5b) .
The low-secretion phenotype of the codon 5 mutant virions is caused by the loss of the parental amino acid proline. Most interestingly, we observed a similar low-secretion phenotype in all three codon 5 mutants (Fig. 5d) , ranging from a 7-to 16-fold reduction, based on five independent experiments. In a previous study by members of our group (43), we demonstrated that it is the acquisition of a leucine residue at amino acid position 97 of HBcAg that is important for immature virion secretion. Here, in contrast, the fact that mutants P5T, P5S, and P5A share a common lowsecretion phenotype strongly suggests that it is the loss of the WT amino acid proline, rather than the acquisition of a new amino acid (T, S, or A), that is responsible for the aberrant phenotype.
DISCUSSION
In this study, we observed a unique extracellular phenotype associated with naturally occurring mutations of the HBV core protein. The mutation at position 5 or 60 alone had little effect on the intracellular viral DNA replication ( Fig. 1; Fig. 5a ), the steady-state level of core protein (Fig. 3 and 5b) , or the secretion of HBsAg (Fig. 2a and 5c ). The only detectable effect of these mutations in the present study was the significant reduction in secreted virions containing normal or mature genomes with relaxed-circle DNA form (Fig. 2b, 4b, and 5d) .
The paradox of detecting the low-secretion HBV variants in patients' sera. The acquisition of a mutation at position 5 or 60 has been reported using serum samples in several longitudinal studies (2, 6, 38) . It is interesting to ask how the low-secretion variants, such as mutants P5T and L60V, can be secreted into circulation and eventually predominate over the existing WT HBV population in a natural infection. Several hypotheses can be entertained at this stage. So far, we have tested the second hypothesis and demonstrated that mutation Y38H, which often associates with mutation L60V, is not compensatory for the low-secretion phenotype. The third hypothesis is consistent with the presence of both the WT and mutant 5 or 60 in the same individuals at the same time (11, 14) . Indeed, we can restore virion secretion to a normal level by providing the wild-type core protein in trans to the low-secretion variants via cotransfection (Fig. 4c) . Difference in the intracellular profiles of viral DNA genome maturity between HBV core and envelope mutants. It has been shown previously that when virion secretion was blocked by mutations in large S (pre-S1) or small S (HBsAg) envelope proteins, it can result in a higher level of intracellular accumulation of the more fully mature HBV DNA genome, which often migrates at approximately a 4.0-kb position on agarose gel electrophoresis (23, 42) . In contrast, despite the significantly reduced level of virion secretion of HBV core mutants 5 and 60, there is no corresponding increase of the steady-state level of intracellular HBV DNA replicative intermediates or more mature forms of HBV DNA ( Fig. 1 and 5a) . One possibility is that the effect of core mutation 5 or 60 is pleiotropic: the expected increase of the more mature HBV genome intracellularly, due to decreased virion secretion, may be masked by another as yet uncharacterized effect in decreasing the synthesis of HBV replicative intermediates. Alternatively, elongation of the nascent plus-strand DNA may not be able to continue in the core mutants, since their core particles may accumulate in a different subcellular compartment which is not supportive for viral DNA synthesis and genome maturation.
Stringent requirement of a precise conformation of core particles in envelopment or virion secretion. Recently, it has been shown that artificially introduced insertions or deletions in nonhelical regions of the HBV core protein can block virion secretion (Fig. 6) (19, 20) . Core proteins with either a 10-or 23-amino-acid extension at the N terminus can allow intracellular viral DNA replication but inhibit virion secretion (19) . Koschel et al. also characterized several artificial HBcAg mutants defective in virion secretion, including deletions of amino acids 12 or 134 or insertion at amino acid 141. However, in these cases, all the secretion-defective core mutants are also replication defective by endogenous polymerase assay and Southern blot analysis. In contrast, the naturally occurring variants L60V and P5T display normal intracellular HBV DNA replication, despite their severe defect in virion secretion. In summary, based on the four-helix bundle structure of HBcAg (5, 12, 39) and our current data, both ␣-helical (L60V and I97L) and nonhelical (P5T) loop regions of the entire HBcAg molecule are important for virion secretion (Fig. 6) . Furthermore, the bending created by the proline residue at amino acid 5 of WT HBcAg is critical for productive virion secretion. It is very likely that virion secretion depends on the interactions between the envelopment machinery and capsid particles with a very precise conformation.
Our findings of the emergence of secretion-defective HBcAg variants, such as the predominant mutants 5 and 97 (42, 43, 44) , and the defective-interfering variants, such as the core internal deletion variants (41) , indicate that they are likely mechanisms that contribute to the decreased viremia observed during the late stage of chronic infection in HBV patients (4, 9, 10) . Further investigation of these naturally occurring HBV variants will help us understand better the regulation of virion secretion and morphogenesis.
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